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a b s t r a c t
A numerical model simulating Active Magnetic Regeneration (AMR) is presented and
compared to a selection of experiments. The model is an extension and re-implementation
of a previous two-dimensional model. The new model is extended to 2.5D, meaning that
parasitic thermal losses are included in the spatially not-resolved direction.
The implementation of the magnetocaloric effect (MCE) is made possible through a source
term in the heat equation for the magnetocaloric material (MCM). This adds the possibility
to model a continuously varying magnetic field.
The adiabatic temperature change of the used gadolinium has been measured and is used
as an alternative MCE than mean field modeling. The results show that using the 2.5D
formulation brings the model significantly closer to the experiment. Good agreement
between the experimental results and the modeling was obtained when using the 2.5D
formulation in combination with the measured adiabatic temperature change.
ª 2008 Elsevier Ltd and IIR.
1. Introduction
Magnetic refrigeration at room temperature is a topic that
spans several researchareas. These include the optimal design
of permanent magnet assemblies, focused research into rele-
vant magnetocaloric materials and system/regenerator
designs (e.g. Bjørk et al., 2008; Pecharsky and Gschneidner,
2006; Rowe and Barclay, 2003; Rowe and Tura, 2008).
Abbreviations: AMR, Active Magnetic Regeneration; MCE, Magnetocaloric effect; MCM, Magnetocaloric material; MFT, Mean field
theory; HHEX, Hot heat exchanger; CHEX, Cold heat exchanger; PDE, Partial Differential Equation; FEM, Finite Element Method; ADI,
Alternate Direction Implicit; TDMA, Tri-diagonal Matrix Algorithm; Gd, Gadolinium.
* Corresponding author: þ45 4677 4758.
E-mail address: kaspar.kirstein.nielsen@risoe.dk (K.K. Nielsen).
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The theoretical advantages of magnetic refrigeration
compared to conventional gas vaporization based refrigera-
tion are: significantly higher energy efficiency, low-noise
operation and non-toxic magnetocaloric materials and heat
transfer fluids.
So far numerous experiments have been done that are
based on the Active Magnetic Regenerator (AMR) cycle (e.g.
Rowe et al., 2004; Gao et al., 2006; Okamura et al., 2006; Bahl
et al., 2008). These experiments show in general that it is
certainly possible to utilize the magnetocaloric effect (MCE),
which manifests itself as an adiabatic temperature change
(DTad), inherent in the magnetocaloric material (MCM), to lift
the temperature span of the AMR device to several times that
of DTad of the used material. The experiments differ mainly in
the basic design of the regenerator; some use porous packed
beds and some parallel plates (of MCM). The optimal
geometrical configuration of the regenerator is not obvious
and since building experiments that span a sufficient number
of configurations is both time-consuming and demands
a great amount of resources, the need for fast and in particular
accurate modeling is great.
The AMR models previously published have been one-
dimensional (e.g. Dikeos et al., 2006; Li et al., 2006; Engel-
brecht et al., 2005; Shir et al., 2005; Allab et al., 2005) with
the exception of one, published in Petersen et al. (2008),
which is a two-dimensional model of a parallel-plate design.
In the one-dimensional models the regenerator is dis-
cretized with a sufficient number of grid cells in the
x-direction (parallel to the flow) and thus a lumped analysis
needs to be employed in order to describe the heat transfer
between the active MCM and the heat transfer fluid. This
description is the main simplification compared to a two-
dimensional model that also resolves the thickness of both
the fluid channels and MCM-plates. The model is developed
for a parallel-plate based design; it would be much more
tedious to develop a consistent 2D model of a porous bed-
based design.
This work presents a 2.5-dimensional model that is
a further development and re-implementation of the model
presented in Petersen et al. (2008). This new model was
developed in order to decrease computation time, make it
much more versatile in terms of geometrical and operational
configurations and to include parasitic thermal losses in
a physically realistic way in order to resemble the current
experimental AMR device situated at Risø DTU in Denmark
(see Bahl et al., 2008).
The outline of this paper is the following: In Section 2 the
model is presented. In Section 3 the conditions of the experi-
mental setup are implemented into the model. The model is
validated in various geometrical and operational configura-
tions. Finally in Section 4 the conclusions are drawn and
future work is presented and proposed.
2. The numerical model
The model is designed to resemble a reciprocating linear
parallel-plate based AMR design. The basic model is thor-
oughly discussed in Petersen et al. (2008). The following
subsection is a short summary of that model and in Subsec-
tions 2.2–2.4 new additions are presented.
Nomenclature
Variables
DTad Adiabatic temperature change [K]
T Temperature [K]
TN Ambient temperature [K]
cp Specific heat capacity [J/kg K]
r Mass density [kg/m3]
k Thermal conductivity [W/mK]
h Convective heat transfer coefficient [W/m2 K]
t Time [s]
Dt Timestep [s]
s1 Timing of magnetization part of the AMR cycle [s]
s2 Timing of hot blow part of the AMR cycle [s]
s3 Timingofdemagnetizationpartof theAMRcycle [s]
s4 Timing of cold blow part of the AMR cycle [s]
srel Equal to s1/s2¼ s3/s4 [–]
stot Equal to 2ðs1 þ s2Þ [s]
m0 Vacuum permeability equal to 4p10
7 (N/A2)
m0H Magnetic field [T]
B Magnetic flux density [T]
m Magnetization [Am2/kg]
u Velocity vector [m/s]
u x-direction velocity component [m/s]
v y-direction velocity component [m/s]
~u Inlet fluid velocity [m/s]
m Dynamic viscosity [kg/m s]
Re Reynolds number [–]
H Height [m]
L Regenerator length [m]
p Absolute pressure [N/m2]
Dp Pressure drop [N/m2]
Dx Finite difference length in the x-direction [m]
Dy Finitee difference length in the y-direction [m]
Dz Finite difference length in the z-direction [m]
R Thermal resistance [K/W]
Q Thermal source term [W]
Sub- and super-scripts
f Fluid
s Solid
r Regenerator
m Material (solid or fluid)
l Summation dummy index
pl Plate
conv Convection
i x-direction index
j y-direction index
0 Value at time t
* Value at time tþ 1/2Dt
** Value at time tþDt
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2.1. Summary of the original model
Fig. 1 shows the geometry and boundary conditions in detail.
The plates are stacked with an equal spacing that defines the
fluid channel thickness. The plates can be made of any MCM
and the heat transfer fluid can be any liquid of interest. The x-
direction is defined to be parallel to the flow. The y-direction is
perpendicular to the plane of theMCM-plates. The z-direction,
which is not resolved in the basic model denotes the width of
the fluid channel andMCM-plate. Placed at either end in the x-
direction are a cold and a hot heat exchanger, respectively.
Themodel includes half a plate and half a fluid channel in the
y-direction in a so-called replicating cell thus exploiting the
symmetry of both the fluid channel and plate.
When the fluid displacement is modeled the fluid-domain
is kept stationary and the solid domains (i.e. heat exchangers
(HEXs) and the MCM-plate) are subject to a movement corre-
spondingly and an appropriate fluid-flow profile is applied to
the fluid-domain. The heat exchangers at either end ensure
a smooth way of measuring the temperature span for a no
heat-load modeling situation. In the case of a heat-load
modeling situation the cold heat exchanger (CHEX) is kept at
a fixed temperature via its upper boundary. The hot heat
exchanger (HHEX) is at all times kept at the ambient temper-
ature TN via its upper boundary condition.
The AMR cycle simulated includes four steps. The total
cycle time is denoted by stot and the timings of the four sub-
steps are denoted by s1, s2, s3 and s4 respectively. The cycle is
symmetricmeaning that s1¼ s3 and s2¼ s4. The first step is the
magnetization of the MCM. The second step is the so-called
‘‘hot blow’’, i.e. where the fluid is moved from the cold
towards the hot end. In the third step the MCM is demagni-
tized. The fourth step is called the ‘‘cold blow’’ and during this
step the fluid is moved from the hot end towards the cold end.
The timing fraction of the magnetization periods to the blow
periods is defined as sreh s1/s2¼ s3/s4.
The MCE is modeled via mean field theory (MFT) (see
Petersen et al., 2008) and the resulting DTad is directly applied
as a discrete temperature increase/decrease in the control
volume under consideration. The specific heat capacity cp(H,
T ) is also calculated (as a function of both temperature and
field) from MFT and is updated in every timestep. The MCE is
highly sensitive to impurities and variations in the MCM,
which are not modeled by MFT. It is therefore imperative that
experimental data are used when available.
The equation system solved consists of four partial
differential equations (PDEs) coupled via inner boundaries. For
the solid domains (subscript s) the equations are all unsteady
diffusion equations (for convenience subscript s has been
adopted for all three solid domains, though the material
properties r, k and cp are not the same):
rscp;s
vTs
vt
¼ ksV2Ts: (1)
Here, the mass density is r, the temperature is T, time is t and
the thermal conductivity is k. The PDE describing the transient
thermal behaviour of the fluid-domain, subscript f, includes
an extra term, namely the convective heat transfer:
rfcp;f

vTf
vt
þ ðu$VÞTf

¼ kfV2Tf: (2)
The fluid velocity is denoted by u ¼ ðu; vÞ. Thus, all the
thermal properties except cp for the MCM are assumed
constant.
2.1.1. Velocity profile
The applied velocity field is a steady, incompressible, fully
developed and laminar flow de-coupled from the thermal
system. The boundary conditions are non-slip on the
boundary between the fluid-domain and the solid domains
and slip on the symmetry boundary.
The assumption of incompressible flow is certainly valid
since water (or a waterþ ethanol mixture) is used as the heat
transfer fluid. Since the thermal properties (r, cp and k) of
water do not change significantly under the present working
conditions, these are safely assumed to be constant and thus
de-coupled from the thermal system.
The Reynolds number of the system is given by
Re ¼ 2Hf~urf
m
; (3)
where ~u is the inlet velocity,Hf the fluid channel thickness and
m the dynamic viscosity of the fluid. The mass density and
viscosity are constant (rf¼ 997 kg/m3 and m¼ 8.91 104 kg/
m s) and the most extreme (i.e. in this case maximum) values
of ~u and Hf are 0.01 m/s and 0.8103 m, respectively. This
yields a maximum value of the Reynolds number to be z24.
This value is well within the range of laminar flows justifying
our assumption.
Balancing the convective and viscous terms in the incom-
pressible Navier–Stokes equations the entrance length, L, of
a laminar pipe-flow can be found to be L¼ 0.06HfRe (e.g.
Lautrup, 2005). For the extreme case where ~u and Hf attain
their maximum values the entrance length is about 0.001 m
and thus compared to the length of the flow channel
(Lf¼ 0.16 m) the assumption of fully developed flow is valid.
Fig. 1 – Two-dimensional slice of the original model. Half a fluid channel, MCM-plate and HEXs are seen. The thermal
boundary conditions are indicated.
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The only non-zero velocity component is the x-direction
velocity u. The steady incompressible Navier–Stokes equa-
tions for laminar flows can thus be reduced to
m
v2u
vy2
¼ vp
vx
; (4)
where the pressure gradient in the flow-direction is given by
vp=vx ¼ Dp=Lf . We assume the pressure drop to be constant,
given by Dp ¼ 12Lfm~u=H2f (Fox andMcDonald, 1994). Integration
of Eq. (4) and utilization of the boundary conditions
uðy ¼ 1=2HfÞ ¼ ~u and vU=vyjy¼0 ¼ 0, where y¼ 0 is defined as
the middle of the flow channel and y¼ 1/2Hf is the upper
boundary between the fluid channel and solid domain, gives
the well-known velocity profile
uðyÞ ¼ ~u
 
6y2
H2f
 1=2
!
: (5)
2.2. The numerical scheme
In the original model Eqs. (1) and (2) were solved using the
commercial software package Comsol (Comsol, 2005). The
numerical discretization was based on the Finite Element
Method (FEM) and the temporal integration was done fully
implicit. The current model has been re-written using finite
differences of second order and the Alternate Direction
Implicit (ADI) temporal integrationmethod.Thecode iswritten
by the authors and is currently available in generic Fortran.
The reason for choosing finite differences is that total
energy conservation across boundaries is guaranteed at all
times due to the nature of that formalism as opposed to the
FEM where the conservation of energy has to rely on interpo-
lation methods between node points. The reason why strict
energy conservation is crucial in this work is the nature of the
moving boundaries. It is very important that the thermal
energyexchangebetween thesubdomains is fully conservedat
all times. This can be achieved by the FEM (see Petersen et al.,
2008). But the cost is a large computational time. The original
Comsolmodelusesaround50 h tocompleteasimulationof600
AMRcycleswhereas this newcodeuses around 30 min, in both
cases on an Intel Core 2 Duo 2.0 GHzWindows-based PC.
The reason for using the ADI method (see e.g. Patankar,
1980) is that the benefit from the implicit solution of each
timestep is achieved and the speed of the explicit integration
method is almost reached. The ADI scheme for two-dime-
nsional problems is split into two sub-timesteps. In the first
sub-timestep one direction is determined implicitly and the
other is used explicitly. In the second sub-timestep the situa-
tion is reversed. The term ‘‘explicitly used’’ means that the
variable solved for (e.g. temperature T ) is known at the
beginning of the timestep. Likewise, the term ‘‘implicitly
determined’’ means that the variable is solved for at the new
point in time.
If the index-pair (i,j ) defines the position in the x- and y-
direction and T0i;j; T

i;j and T

i;j are chosen to denote the
temperatures at times t, tþ 1/2Dt and tþDt, respectively, for
the grid cell centered at (i, j ) the unsteady discretized equation
for the thermal conduction becomes:
rcpDxDyDz
Ti;j  T0i;j
1=2Dt
¼ kDyDz
Dx
h
Tiþ1;j  Ti;j



Ti;j  Ti1;j
i
þ kDxDz
Dy
h
T0i;jþ1  T0i;j



T0i;j  T0i;j1
i
;
(6)
rcpDxDyDz
Ti;j  Ti;j
1=2Dt
¼ kDyDz
Dx
h
Tiþ1;j  Ti;j



Ti;j  Ti1;j
i
þ kDxDz
Dy
h
Ti;jþ1  Ti;j



Ti;j  Ti;j1
i
;
(7)
when applying Fourier’s law of heat conduction and using the
formalism of the ADI method. The numerical grid cell size is
denoted DxDyDz. The x-direction has – arbitrarily – been
chosen to be the implicit direction in the first sub-timestep
(where super-scripts 0 and * mean explicit and implicit,
respectively) and explicit in the second (where super-scripts *
and ** mean explicit and implicit, respectively). The inclusion
of Dz in Eqs. (6) and (7) is done in order to emphasize the
importance of using the correct control volume when
including the loss terms defined below in Eq. (12).
Eqs. (6) and (7) can be re-written in the form
ai;jT

i;j ¼ bi;jTiþ1;j þ ci;jTi1;j þ d

T0i;j; T
0
i;jþ1;T
0
i;j1

; (8)
ai;jT

i;j ¼ bi;jTi;jþ1 þ ci;jTi;j1 þ d

Ti;j;T

iþ1;j; T

i1;j

; (9)
where ai,j, bi,j and ci,j are assumed constant throughout the
timestep and d includes the explicit and other additive terms.
This function may be spatially dependent Q1if, e.g. cp is. Solving
Eqs. (8) and (9) is equivalent to inverting a tri-diagonal matrix.
Such an inversion is linearly time-consuming in the number of
mesh points and can be done using the well-known Tri-Diag-
onal Matrix Algorithm (TDMA) given in, e.g., Patankar (1980).
The coupling between the four domains is done using
Fourier’s law of heat conduction formulated through the use
of thermal resistances (see the schematic in Fig. 2).
The heat capacity of the MCM is typically a strong function
of both temperature and magnetic field. It is calculated from
MFT and in this implementation a large dataset of cp values
has been tabulatedwith a sufficient range in both temperature
and field. The value of cp needed for every sub-timestep is then
spline-interpolated in this dataset using a natural cubic spline
(Press et al., 1992).
The forced convection term, due to the fluid movement, is
implemented following the ‘‘up-wind scheme’’ (see Patankar,
1980). This ensures that the thermal energy of the up-wind cell
influences the convection term rather than using the centered
difference.
The boundary conditions are given in Figs. 1 and 4. The
initial condition was for all experiments set to be a uniform
temperature of 298 K throughout the domains.
In Petersen et al. (2008) the original numerical model is
thoroughly validated. The new implementation has been
exposed to the same tests and is equally numerically valid and
in some cases (especially when heat conservation is crucial)
the new implementation is more accurate.
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2.3. The magnetocaloric effect as a source term
Previously the change in magnetic field was modeled as an
abrupt or discrete change as described in Petersen et al. (2008).
This approach is obviously not physically correct, but may be
sufficient to a certain extent. In order to improve this aspect of
the modeling, the change in magnetic field could be imple-
mented to happen through a number of timesteps. One
approach would be a simple ramping of the field through an
appropriate function, e.g. linear, sinosoidal or hyperbolic
tangent. An even more realistic solution is to model the
physical movement of the regenerator in and out of
the magnetic field from a specific magnet configuration. If the
field profile is known then the magnetic flux density as
a function of time (and space) is trivial to derive.
Whichever method is used for modeling the magnetic field
change in a continuous way, the MCE has to be formulated as
a source term in the thermal equation for the MCM. Assuming
adiabatic magnetization through each timestep, the heat
energy released from the change in magnetic field from time t
to tþDt is calculated on basis of the known, or explicit,
temperature (i.e. Ti, j(t)). The differential adiabatic temperature
change can be written as
dDTad
dt

t
¼ m0
TðtÞ
cpðtÞ
vm
vT

t
dH
dt

t
: (10)
Here indices i, j have been omitted for simplicity and m0 is the
vacuum permeability, m is the specific magnetization and H is
the magnetic field. Multiplying by DxDyDzrcp on both sides of
Eq. (10) the MCE source term QMCE becomes
QMCE ¼ m0rTðtÞ
vm
vT

t
dH
dt

t
DxDyDz: (11)
Eq. (11) can be inserted directly on the right hand side of Eqs.
(6) and (7) as a source term.
The temporal rate of change of the magnetic field dH=dt is
derived from the field profile of the used magnet system. In
Fig. 3 the flux density of the permanent Halbach magnet
system used in the AMR experiments is given as a function of
distance from the centre of the bore of the Halbach cylinder.
The figure shows both the measured flux density and
modeling data using the model from Bjørk et al. (2008).
2.4. The 2.5D heat loss formulation
The experimental setup (Bahl et al., 2008) does not include
heat exchangers but does of course leak heat to the
surroundings. These are two major differences between the
model and the experiment. It is expected that the perfor-
mance in general will be over-estimated by the model since it
is somewhat ideal without losses and that the trends in
performance (both in load and no-load situations) will be
reproduced fairly well by themodel. This is due to the fact that
the model actually resolves the important parts of the
experimental geometry well and the geometrical parameters
are expected to be crucial for the trends of a parallel-plate
AMR device.
However, to improve the model, heat losses have been
implemented as an alternative to the original HEXs modeled
as copper plates. The heat loss is implemented through
a lumped analysis and under the assumption that the repli-
cating cell under consideration looses most of its heat in the
not-resolved z-direction. The loss can then be implemented as
an additional term in Eqs. (6) and (7) using the formalism of
thermal resistance:
x
MCMFlow guide
FluidRpi
st
+
 
R
co
nv
 
Symmetry
Symmetry
Rfg+ Rfluid 
Flow guide
Rfg+ RfluidRMCM+ Rfluid 
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Fig. 2 – The xy-plane of the replicating cell (half a fluid channel and half a plate of MCM and flow guides). The two boundaries
marked ‘‘symmetry’’ are symmetric, or adiabatic, due to the nature of the representation using half a replicating cell. The
internal boundaries are marked with their respective thermal resistances.
Fig. 3 – The profile of the magnetic flux density of the
permanent Halbach magnet used in the experiments.
Shown are both the measured data values and the
corresponding model results.
i n t e r n a t i o n a l j o u r n a l o f r e f r i g e r a t i o n x x x ( 2 0 0 9 ) 1 – 9 5
ARTICLE IN PRESS
457
458
459
460
461
462
463
464
465
466
467
468
469
470
471
472
473
474
475
476
477
478
479
480
481
482
483
484
485
486
487
488
489
490
491
492
493
494
495
496
497
498
499
500
501
502
503
504
505
506
507
508
509
510
511
512
513
514
515
516
517
518
519
520
521
522
523
524
525
526
527
528
529
530
531
532
533
534
535
536
537
538
539
540
541
542
543
544
545
546
547
548
549
550
551
552
553
554
555
556
557
558
559
560
561
562
563
564
565
566
567
568
569
570
JIJR1643_proof  28 March 2009  5/9
Please cite this article in press as: Nielsen, K.K. et al., Detailed numerical modeling of a linear parallel-plate Active Magnetic
Regenerator, International Journal of Refrigeration (2009), doi:10.1016/j.ijrefrig.2009.03.003
U
N
C
O
R
R
E
C
T
E
D
P
R
O
O
FQloss ¼ TN  Ti;jP
l
Rl
; (12)
where the total thermal resistance from the centre of the cell
(in terms of the z-direction) to the ambient is denoted by
P
l
Rl.
There are three terms in this sum. First the thermal resistance
through thematerial within the regenerator Rm (fluid or solid).
Second, the housing of the regenerator block Rpl (made of
a plastic material) and finally loss via natural convection to
the ambient Rconv
X
l
Rl ¼ Rm þ Rpl þ Rconv ¼ 1=2DzkmDxDy þ
1=2Dz
kplDxDy
þ 1
hconvDxDy
: (13)
This 2.5D thermal loss formulation is schematically visualized
in Fig. 4. The loss to the ambient through natural convection is
characterized by the parameter hconv. Textbook values suggest
that hconv lies in the range 5–20 W/Km
2 (Holman, 1987). The
thermal properties of the plastic housing are given in Table 1.
3. Results and discussion
In this section the numerical model is compared to various
experiments performed with the experimental AMR device
located at Risø DTU (Bahl et al., 2008). The model is able to
operate in different configurations (2D ideal with no thermal
losses, 2.5D with thermal losses, discrete or continuous
magnetic field, etc.). Therefore various situations have been
picked out for investigation. First, in Section 3.1 variation of
the fluid displacement is investigated and compared to the
experimental and original model data. Second, in Section 3.2
variation in the timing of the AMR cycle is explored. Third, in
Section 3.3 the variation in the application of the magnetic
field is compared between the ideal model, the 2.5D loss
model and the experiment.
Table 2 gives the specifications of each experiment/model.
All experiments were carried out with 0.9 mm thick plates of
pure Gd (obtained from China Rare Earth Materials Co.) with
a spacing of 0.8 mm. The experiments were all equipped with
13 plates. For further details on the experimental setup see
Bahl et al. (2008).
3.1. Fluid displacement experiments
The fluid displacement, dx, is one of the key process
parameters for an AMR. In Bahl et al. (2008) the dependency
of the AMR performance on this parameter is studied using
the experimental device and a slightly changed version of
the numerical model of Petersen et al. (2008). However, the
model did not include losses in the z-direction and the
plastic flow guides were lumped to represent the entire loss
of the plastic tube and regenerator housing. The geometric
and operational parameters in the 2.5D loss model were set
to resemble the configuration of the original experiment and
to use MFT for modeling the MCE. The results are seen in
Fig. 5.
The directlymeasured adiabatic temperature change of the
Gd plates when using the Halbach magnet assembly is taken
from Bahl and Nielsen (2008). A new experiment series was
performed varying the fluid displacement. The model was
adjusted to use MFT for calculating the MCE and also to use
the directly measured DTad values. The heat capacity was in
both cases determined from MFT. The results are seen in
Fig. 6.
The fluid displacement experiments show a clearly asym-
metric bell-shaped curve (Figs. 5 and 6). This shape is repro-
duced fairly well by the model. The peak in the curve is
situated at a fluid movement around 40%. There is
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Fig. 4 – The xz-plane of the system. The z-direction is not resolved, however, the 2.5D model takes the distance from the
centre of the control volumes to the ambient into account when calculating the thermal losses, as indicated in the figure.
Table 1 – Values of the various thermal properties of the
materials used
Material/property k [W/mK] r [kg/m3] cp [J/kg K]
Copper 401 8933 385
Water 0.595 997 4183
Gadolinium 10.5 7900 170–300 (temperature
and field dependent)
Plastic 0.2 800 1250
Table 2 – An overview of the experiments conducted in
this work. The process parameters (fluid movement,
timing and magnet assembly) are presented. The
parameters apply both for the experiment and the
corresponding modeling
Model dx % stot [s] srel Magnet
Stroke, (Bahl et al., 2008) 5–95 12 1 Electro
Stroke, new experiments 5–95 8.2 0.51 Halbach
Timing, (Bahl et al., 2008) 50 12–18 0.25–4.5 Electro
Timing, new experiments 50 9 0.25–3.0 Halbach
Varying magnetic
flux density
40 11.8 1.03 Halbach
i n t e r n a t i o n a l j o u r n a l o f r e f r i g e r a t i o n x x x ( 2 0 0 9 ) 1 – 96
ARTICLE IN PRESS
571
572
573
574
575
576
577
578
579
580
581
582
583
584
585
586
587
588
589
590
591
592
593
594
595
596
597
598
599
600
601
602
603
604
605
606
607
608
609
610
611
612
613
614
615
616
617
618
619
620
621
622
623
624
625
626
627
628
629
630
631
632
633
634
635
636
637
638
639
640
641
642
643
644
645
646
647
648
649
650
651
652
653
654
655
656
657
658
659
660
661
662
663
664
665
666
667
668
669
670
671
672
673
674
675
676
677
678
679
680
681
682
683
684
JIJR1643_proof  28 March 2009  6/9
Please cite this article in press as: Nielsen, K.K. et al., Detailed numerical modeling of a linear parallel-plate Active Magnetic
Regenerator, International Journal of Refrigeration (2009), doi:10.1016/j.ijrefrig.2009.03.003
U
N
C
O
R
R
E
C
T
E
D
P
R
O
O
F
a significant improvement when the experimentally deter-
mined values for the adiabatic temperature change are used
instead of the mean field model.
3.2. Timing experiments
The timing of the AMR cycle is important for the performance
of the system. There are two critical questions that need
answering. First of all how long the entire cycle (stot) should be.
Secondly, the amount of time used for magnetizing/demag-
netizing and afterwards reaching thermal equilibrium (s1 and
s3) compared to the time spent moving the fluid during the
blow periods (s2 and s4). In Bahl et al. (2008) experimental and
model results are given for AMR setups where srel and stot are
varied. The 2.5D lossmodel was setup to the same geometrical
Fig. 5 – Fluid movement experiment from Bahl et al. (2008)
with modeling results from both the original paper and
this work. The model from this work used MFT to calculate
the MCE, since it is not possible to translate the measured
DTad values to a different magnetic field profile (the original
experiment used an electromagnet).
Fig. 6 – A new fluid movement experiment performed
using the permanent Halbach magnet and modeled both
using MFT and the measured adiabatic temperature
changes.
Fig. 7 – Timing experiment and corresponding modeling
from Bahl et al. (2008) with the MFT-based 2.5D loss model
from this work overplotted.
Fig. 8 – New timing experiment performed using the
permanent Halbach magnet. The corresponding modeling
has been performed for two cases, one using MFT and one
using the measured DTad values. Both were done using the
2.5D loss formulation.
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and process parametric configuration. The results are given in
Fig. 7.
A new experiment series, again using the Halbach magnet
was performed varying srel and the input parameters to the
2.5D loss model were set accordingly. Both the MFT and the
directly measured DTad were used for modeling the MCE. The
results are given in Fig. 8.
The timing experiments, presented in Figs. 7 and 8, show
that the no-load temperature span decreases as a function of
the fraction srel. This behaviour is also well reproduced by all
the models. In Fig. 7 a cross-over is seen between the curves
for stot¼ 12 and 18 s at large srel. This is also a feature that the
models reproduce.
However, all the models using MFT for calculating DTad
over-estimate the temperature span significantly. Using the
measured DTad values the model is seen to reproduce
the absolute temperature spans to a higher degree. This is the
same conclusion as for the fluid displacement experiments.
3.3. Varying the magnetic flux density
The magnetic flux density of the Halbach cylinder as a func-
tion of distance from the centre of the bore is given in Fig. 3.
An experiment has been conducted where the regenerator
was moved from the centre of the Halbach magnet out to
various distances in an otherwise identical experiment. It is
seen from the results in Fig. 9 that at a certain distance
(approximately 7 cm) the magnetic flux density is low enough
that moving the regenerator further out does not increase the
temperature span.
The modeling of the varying magnetic flux density was
done in two ways, both using the MCE described as a source
term (see Subsection 2.3). One model-series was performed
with the ideal (no heat loss) setup and the other with the 2.5D
loss formulation. The results are shown in Fig. 9.
The experimental and modeling investigations of the
sensitivity towards the change in field result in two interesting
conclusions. First, the need for moving the regenerator far out
of the field is limited to roughly 7 cm for the present system
configuration. This fact is important. The timing of the
experiment is to a certain degree dependent on how much
time is spent moving the regenerator in and out of field. As
seen from the timing experiments the time spent during this
process should be as short as possible. Second, in Fig. 9 it is
seen that including thermal parasitic losses in the model
significantly improves the results of the model compared to
the experiment. In both cases the MFT was used to model the
MCE. Thus, only the inclusion of thermal parasitic losses can
explain the clear improvement of the modeling results. It
should be emphasized that the remaining difference between
the model and the experiments is probably due to the addi-
tional heat losses in the experimental setup which have not
been included in the model due to the lack of knowledge for
the origin of these losses.
3.4. Overall discussion
The three different no heat-load situations experimentally
investigated and numerically modeled here all point in the
same direction.When keeping all parameters except one fixed
the tendency in no-load temperature span is well described by
the models. However, there is a tendency for the models to
over-estimate the absolute values of the temperature span.
The reason for this is primarily that the MFT is too idealized
and that real experimental data should be used instead. This
is supported by the results from the modeling when using the
measured values of the adiabatic temperature change.
Furthermore, passive regeneration in the plastic housing
may be significant for the performance of the AMR. Generally,
the thermal losses to the ambient may be more tightly
dependent temporarily (through the cycle). This cannot be
investigated in the present model and full three-dimensional
modeling is needed to investigate this.
4. Conclusion
A re-definition, re-implementation and feature-upgrade of the
numerical 2D AMR model (Petersen et al., 2008) were pre-
sented. The computation time has been reduced by a factor of
100. This allows for large parameter space surveys which are
under preparation for future publication.
The current state of the 2D AMR model has been investi-
gated and presented. It is concluded that the 2.5D lossmodel is
a significant improvement in terms of reproducing the
experimental results. The continuous description of the
change inmagnetic flux density is recognized as an important
improvement of the model in terms of operating the experi-
ment and confidence that themodel is well-represented using
the discrete change if needed.
Fig. 9 – Experiment performed by altering the distance from
the centre of the magnet bore that the regenerator is
moved out to. Two modeling cases are seen. One with the
ideal (not including 2.5D losses) and one with the 2.5D loss
formulation. The trends are clearly seen to be reproduced,
though the absolute values are not quite the same in the
models as in the experiment.
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Including the measured adiabatic temperature change in
the experimental setup with the Halbach magnet has enabled
the model to reproduce all aspects of the no heat-load
experiments reasonably well.
On the basis of the results presented in this paper it is
concluded that the ideal 2D model can be used to explore the
performance of a linear reciprocating parallel-plate based
AMR design. Once the optimal configuration settings have
been found, the 2.5D full lossmodel can be used to explore the
expected experimental performance in more detail. The
reason for not only using the loss model is that the ideal AMR
work is independent of experimental shortcomings and
choices. The results from such an ideal AMR study can thus be
used by other experiments and provide a more general
understanding of the details and theory of AMR.
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